Converter (WEC) is a particular style of Oscillating Water Column (OWC). The methodology details how to decompose the BBDB into a series of 'hydrodynamic bodies' to account for inertial and viscous effects, 'structural bodies' to account for structural mass and inertia, and freely flooding bodies to account for the time dependent variation of entrained water mass in the OWC of the device. Separating these effects allows for independent treatment of the phenomena being modeled and for an easily adaptable WEC model. Because effects of the PTO can be eliminated when considering extreme conditions, OrcaFlex, a validated mooring time domain solver, is applied to this problem. Thus coupled analysis between the proposed mooring system design and the BBDB dynamic response allows for mooring system component specification. Due to the dependence of Morison Equation force magnitudes on empirically derived drag coefficients, the paper concludes with a study quantifying the effect of drag coefficient magnitude on survival mooring loads.
I. INTRODUCTION
The cost of a Wave Energy Converter (WEC) mooring system is a significant portion of the total installed cost of a WEC device [1] . Consequently, it is important to obtain realistic load predictions early in the design process so that mooring system components can be realistically sized. It is also important that the analysis procedure used to design the mooring system be easily adaptable so that mooring configurations can be modified and updated without major time and expense.
The moored WEC studied in this paper is a Backward Bent Duct Buoy (BBDB), a particular style of an Oscillating Water Column (OWC) WEC first proposed by Masuda [2] . The BBDB is a floating OWC device that consists of an air chamber, an L-shaped duct, buoyancy modules, and a power take-off (PTO) composed of an air turbine and generator. Power is produced by forcing air to flow through the PTO/turbine. Figure 1 illustrates the main components of a BBDB [3] . The floating BBDB design capitalizes on the coupling between the motion of the structure and motion of the free surface contained within the structure. This coupling can increase the relative motions of the free surface and expand the frequency range over which good power conversion occurs. In theory, the BBDB has a higher primary conversion efficiency when compared to other OWC's [4] .
Extreme wave environments typically drive the sizing of mooring system components due to the relatively large hydrodynamic loads that they generate. Thus, the mooring design must arise from analysis in this environment. The extreme wave environment is often sufficiently large that the translational and rotational motions of the WEC are on the limits of applicability for classic (radiation/diffraction) frequency domain potential flow solvers. Thus, it is preferable that the WEC's response to large amplitude waves should be derived from an alternative to frequency domain potential flow solvers.
The flow conditions around the WEC can be characterized by the diffraction parameter,
, and the waveheight to characteristic length ratio, , where λ is the wavelength, L is the characteristic body length, H is the waveheight, and KC is the Keulegan Carpenter number. Chakrabarti [5] reasoned that viscous drag dominates a structure's motion when the diffraction parameter is small and the waveheight to characteristic length ratio is large. If these conditions are met, then Morison's Equation, an empirical force formulation that is valid when drag is important to the dynamics of a structure, can be used to effectively describe the wave-structure interactions. This paper outlines a methodology to create a BBDB model using elemental inertia, hydrostatic, and hydrodynamic characteristics that requires only Morison Equation forces to resolve the device rigid body motions in six degrees of freedom (6-DOF). This modeling approach for the WEC in turn allows for characterization of the expected survival mooring loads and evaluation of a mooring design. The lumped bodies that represent the BBDB include a series of 'structural bodies' to account for structural mass and inertia, 'freely flooding bodies' to account for the time dependent variation of entrained water mass in the OWC, and 'hydrodynamic bodies' to account for inertial and viscous effects. Separating individual responses allows for each to be treated independently and in a manner that is consistent with the phenomenon being modeled.
The common survival strategy for a WEC when subjected to the large forces and motions in an extreme wave environment is to stop producing power to protect the PTO. The PTO of the BBDB can be easily protected in extreme environments through a pressure relief system capable of venting the air chamber to the outside. Eliminating the PTO effects from the survival-condition response allows BBDB motions in survival conditions to be assessed using validated coupled mooring time domain solvers that are typically used in the offshore marine and petroleum industries. The program OrcaFlex [6] is used in this case as it readily has functionality to handle the coupled analysis between the mooring system and the WEC dynamic response.
The general discretization methodology used to develop the BBDB is outlined in Section II of the paper. Section III presents a case study using the analysis procedure. The case study evaluates the mooring design loads as well as highlights the importance of empirical drag coefficient values with a parametric study.
The methodology to calculate 6-DOF motions from Morison's Equation is not specific to a particular WEC design. The discretization method is a strategy that can be used to design any WEC subject to the general limitation of the method, namely the applicability of Morison's Equation and the impact of the PTO on the WEC response in extreme conditions.
II. DISCRETIZATION METHOD
A model of the BBDB OWC was developed using an array of 6-DOF lumped bodies representing
• buoyancy distribution,
• freely flooding bodies that account for the timedependent variation of entrained water mass, and • hydrodynamic characteristics that account for inertial and viscous effects. The array of lumped bodies is then attached to a reference body that acts as the integrand of the loading effects. Separating individual responses allows for each to be treated independently and in a manner that is consistent with the phenomenon being modeled; for example the bodies representing the buoyancy distribution will not be assigned mass or hydrodynamic properties, they will only be assigned volumes. 
A. Structural Bodies
A single discrete body located at the structural mass center of the device could be used to represent the structural mass and inertia of the device if these characteristics were available from a solid 3-D model. A structural body of this type is shown in red in Figure 2A . Alternatively, a similar discretization method to the one presented for the buoyancy distribution below could be used to discretize the mass distribution. In this case, the discretized mass elements would allow the program to calculate both the center of mass and the mass moments of inertia without having to know these a priori from a 3-D solid model.
The lumped bodies representing the buoyancy distribution account for the time dependent variation in the water plane area and hence the time dependent buoyancy. The bodies representing the buoyancy distribution determine the buoyant force on the basis of wetted volume and water plane area as a function of the instantaneous draft (in z axis), pitch (x-z rotation) and roll (y-z rotation) of the body. Consequently, the buoyancy bodies are discretized in both the x and the y directions. The overall buoyancy loads are calculated as:
where N is the number of discrete buoyant bodies used to idealize the OWC structure, ρ and g are density and gravity, V j is the volume of the jth buoyant body, and x j /y j are the horizontal distances between the reference body and the center of each discrete body. The total buoyant force is a function of submergence, thus the discretized buoyant bodies represent the full height of the structure. The properties are such that they match the equilibrium conditions, i.e., the total buoyant force matches the total weight of the device at the operating draft. These bodies are shown in shades of green in Figure 2B . The light green bodies are the equilibrium submerged buoyant bodies and the dark green bodies represent the superstructure above the still water. The properties of both sets (light and dark green) are the same. 
B. Freely Flooding Bodies
A unique aspect of the BBDB from other WEC types is the entrained water column. The time-dependent entrained water mass of the OWC is an important contributor to the total forces acting on the device. In diffraction theory, the entrained water mass is included in the added mass parameter calculated from the radiation potential for each mode of motion. For this representation of the device in extreme conditions, the amplitudes of motion will be large. Consequently, the small motion entrained water mass values are invalid. Because this is a survival condition, it is assumed that the PTO is disengaged from the system and hence the height of water in the BBDB is equal to the free surface height outside of the BBDB. Thus, a method to model this aspect has been developed through the incorporation of freely flooding bodies.
The height of water in the freely flooding bodies is determined by the free surface height of the surrounding wave because the air chamber is assumed vented to the outside. Because the BBDB is free to move in all 6-DOF, the freely flooding bodies must also be discretized so that pitch (x-z rotation) and roll (y-z rotation) motions of the body will be captured in the internal water column. The discretizations in the x-direction and y-direction accounts for the affect of the volume of entrained water on pitch and roll response, respectively.
The freely flooding body diameter is set by the entrained water volume at equilibrium and the bodies extend the full height of the device. The instantaneous volume of trapped water is calculated from the height of water in the bodies and inner diameter of the bodies. Figure 3 shows the central axis of the freely flooding elements in green.
C. Hydrodynamic Bodies
Morison's Equation in its extended form for a moving body is used to calculate the translational hydrodynamic forces in for each discrete body in the WEC idealization:
where ρ is the density of water, V is the volume of the structure, is the acceleration of the fluid, C a is the added mass coefficient, is the relative acceleration of the structure, C D is the drag coefficient, A is the area on which the drag force is acting (perpendicular to local flow direction), is the relative velocity of the structure, and the subscript i refers to each of the three translational degrees of freedom. The velocity term includes a component of velocity due to steady state current as well as a component from the instantaneous water particle velocity due to wave loading.
Consistent with the overall modeling scheme, the 'hydrodynamic bodies' are also an array of discrete bodies distributed over the volume of the WEC. The hydrodynamic bodies have no mass or volume. However, they are assigned elemental hydrodynamic properties of area and volume (see Eq. 4).
The inertial force in Eq. 4 is the sum of the Froude-Krylov force and the added hydrodynamic mass . The Froude-Krylov force is readily calculated, whereas the added mass must be estimated to obtain the inertial force. The added mass coefficient from potential flow solvers cannot be used because the entrained water mass is already accounted for in the freely flooding bodies. Thus, a method to estimate the total nonentrained added mass is necessary. This value can be approximated by assuming a hemisphere of water is moved in each translational direction with the body (only a hemisphere is used because the entrained water mass is accounting for the "other" side of the sphere).
The area that the drag force is acting on and the drag coefficient must be specified in addition to the empirically derived added mass terms. Drag coefficients are well understood for steady flow past various geometries. However there is considerably less research for devices that have large oscillation amplitudes in unsteady flow. The research that has been conducted is for damping plates that are specifically used to decrease the response amplitude of floating structures. These studies quantify the drag coefficient as a function of the dimensionless Keulegan-Carpenter (KC) number given by:
.
where v is the amplitude of the structures velocity, T is the period of oscillation, and L is the characteristic length of the structure. The second equivalence in Eq. 5 is valid for regular sinusoidal oscillations where a is the amplitude of the oscillation. The drag coefficients are specified for each translational motion of the device, and hence Eq. 5 above, should be valid for each translational mode. Parameterizations of the drag coefficient in heave as a function of KC number for thin plates have shown that the drag coefficients can be quite large (greater than 10) for small KC numbers (less than 0.2) and asymptotically approach drag coefficients of 5 for KC values approaching 1 [7] . As a first estimate, it is reasonable to assume that the device is a perfect wave follower. Based on this assumption, the amplitude of oscillation would be the amplitude of the extreme wave in the heave direction. It could be argued that parallel to the wave direction the relevant amplitude is one half of the wavelength because, to first order, the structure would oscillate according to the velocity of the wave particle kinematics. In the translational mode normal to the wave direction, the device could be considered static. The above postulates require further work to verify their validity; however they offer a method to obtain initial baseline parameters. Estimates of the drag coefficients are typically refined through experimental tests, as well as considering the effects of the mooring lines on the KC value. More than likely, the device will not be a perfect wave follower and so the KC estimates obtained from this method will be larger than the wave follower KC numbers. In addition, it is unlikely that there is available drag coefficient data parameterized as a function of KC number for the device being modeled. Thus, parameterized studies for drag coefficient are important to fully scope the system parameters.
The heave hydrodynamic bodies are discretized in the x-y plane, the surge hydrodynamic bodies in the y-z plane, and the sway hydrodynamic bodies in the x-z plane. Figure 4 shows the surge (A), sway (B), and heave (C) discretizations. This discretization strategy allows the rotational forces (pitch, roll, and yaw) to be calculated from these translational inputs. This is considered important as estimation strategies for rotational values of drag and added mass coefficients are hard to find in literature and those that do exist (e.g., [8, 9] ) are only for the most basic of shapes. The discretization method also accounts for changing water particle kinematics, inclusive of any current, with water depth and therefore better represents viscous drag loads.
The translational hydrodynamic loads can now be calculated according to:
where bolded values should be understood to be a vector composed of the translational directions x, y, and z. The hydrodynamic moment is simply the cross product of position with force:
where r=[x j y j z j ] is the position vector pointing from the reference body to the center of each discrete body and F is the translational hydrodynamic load vector in Eq. 6. Selection of the appropriate location to center the heave, surge, and sway hydrodynamic bodies will influence the loads on the structure because the water particle kinematics are locally determined. An estimation of the true structure dynamics can be obtained by assigning all hydrodynamic loads to three translational planes only. As shown in Figure 4 the surge (A) and sway (B) hydrodynamic bodies are geometrically centered to represent geometrically averaged affects. Due to the variable submergence of WEC devices in extreme environments, the surge and sway hydrodynamic bodies are continued above the still water line in the same manner as the structural bodies and freely flooding bodies. Figure 4 also shows the heave hydrodynamic bodies (C) are centered at middraft, again to attempt to capture geometrically averaged affects.
Neither the added mass nor the drag coefficients are treated as frequency dependent parameters in this study.
D. Full Integration.
A reference body acts as the integrand of the loading effects from each of the discrete body sets. thus allowing the motions to be calculated in 6-DOF. The reference body has no firstorder or second-order excitation forces associated with it from potential flow; all motions of the vessel will result from integrated individual loads from the structural bodies, freely flooding bodies, and hydrodynamic bodies.
The reference body also provides the mechanism through which wind loading can be included. Drag-type forces, the second terms in Eq. 4, are used for estimating the mean wind forces. The wind force calculations are directionally dependent and are a function of the shape and height of the structure above the still-water line. Wind (drag) coefficients from scale test data or reference texts can be used in these calculations.
III. CASE STUDY
The method outlined in Section II was applied to a BBDB in order to obtain mooring load estimates in an extreme wave environment. The selected extreme climate is consistent with the conditions representative of a near shore Northern California deployment Table 1 [10] . 
A. Backward Bent Duct Buoy
The relevant structural parameters of the BBDB being modeled within OrcaFlex are outlined in Figure 5 and Table 2 . The data in Table 2 was obtained from a solid model of the device.
Considering the wave climate in Table 1 Data from a solid model was available, thus the mass and inertia of the structure is prescribed at a single 6-DOF lumped buoy located at the mass center of the device. The properties of the mass body consist of structural mass and inertia only. The distributed buoyancy portion of the 'structural bodies' is modeled using an array of 6-DOF lumped buoys in OrcaFlex. The properties of the lumped buoy consist of volume only.
The freely flooding bodies are modeled using a single segment free-flooding line in OrcaFlex. The lines were given an inner and outer diameter (allowing for minimal thickness) and the only property taken into account was the variable mass of the water in the pipe. Table 3 outlines the discretization for the bow and stern buoyancy chambers as well as the freely flooding components. The total volumes in Table 3 of the equilibrium submerged buoyancy chambers and the freely flooded lines are consistent with the overall device properties in Table 2 .
The 'hydrodynamic bodies' are also modeled using 6-DOF lumped buoys with the appropriate Morison Equation parameters, namely projected area, drag coefficient, and added mass. The radius of the hemisphere used to represent the hydrodynamic added mass is based on the projected area of each translational motion as outlined in the following two equations:
The projection area, equivalent radius, and calculated added mass for this BBDB are presented in Table 4 . The heave KC number for a perfect wave follower in a 21.3 m regular wave is approximately 2 (from Eq. 5). Using [7] , the KC number is low suggesting a large drag coefficient. A drag coefficient of 5 was selected as a baseline for the heave direction. A KC number of 32 is computed from Eq. 5 using the assumption of a perfect wave follower in the surge direction. A KC number of this magnitude indicates that the device appears stationary compared to the oncoming flow. Thus a baseline C D value of 1.2 was selected for the surge and sway directions. Table 5 outlines the baseline properties of the hydrodynamic bodies as well as the discretization for each translational direction. The total or integrated added mass in Table 5 is consistent with the appropriate heave and surge added mass in Table 4 . In this case, the sway direction integrates to a 4% larger total added mass than the modeled hemisphere of water. The sum of the discrete body projected areas in each direction in Table 5 also matched the overall projected areas in Table 4 . Thus, the above drag factors can be applied to each body without modification. A vessel in OrcaFlex acts as the reference body which integrates the effects from all the discrete bodies outlined in Tables 3 & 5 . In addition, the vessel allows for directional wind loading. American Bureau of Shipping rules were used to compute wind drag coefficients for the hull shape above the still water line [11] .
Structural and Freely Flooding
The adequacy of this representation of the BBDB is demonstrated by comparison of the natural resonance periods in heave, roll, and pitch from the discrete body array with those obtained from potential theory. The resonance periods were found through small displacement decay tests in OrcaFlex. Time traces of the heave, roll, and pitch decay tests as well as the frequency response are shown in Figure 6 .
A numerical comparison of the uncoupled natural periods is shown in Table 6 . It is evident that the roll natural period does not compare well. This is attributed to a coarser discretization of buoyant and hydrodynamic bodies in the sway direction which does capture the time dependent variation in water plane area. Sufficient discretization is clearly necessary to obtain good fundamental response.
The results presented in Figure 6 can also be used to assess heave, roll, and pitch damping effects at resonance. However, these affects are relevant to operating conditions where the resonant period may be encountered. Damping is of lesser importance for extreme condition response and is not therefore presented in this paper.
B. Mooring System.
The operational wave climate at the case study site is highly directional. Consequently, the moorings for the BBDB aligned the device to the prevailing operational environment so that power generation can be maximized (Figure 7) . The forward port and starboard lines are separated by 60° and the aft line is separated by 150° from both the port and starboard lines. The extreme environment was assumed to consist of collinear wind, wave, and current loads and the mooring system components were sized on the basis that the environment was in line with the forward port mooring line. This approach is consistent with recommended industry practice [12] and accounts for directional variation between operating and extreme conditions. Tables 7 and 8 detail the mooring system components. Each mooring line is composed of 58 mm R4 Studlink Chain and 137 mm polyester 12 plait synthetic line. The synthetic line is used to add compliance to the system. A 1 Te sinker weight and a 4 Te buoyancy module are attached to the aft mooring line to eliminate snatch loading. These are located 17.5 m at 35 m from the BBDB, respectively. Figure 8 shows the motions of the BBDB with the baseline hydrodynamic parameters detailed in Table 5 when subject to the extreme conditions collinear with the forward port line. The motions of the device shown in Figure 8 indicate that the assumption of the device being a perfect wave follower for the heave direction is reasonable. However, the surge and sway motions are highly truncated from the wave follower assumption. Figure 8 shows the device drifting back to a new equilibrium position and then oscillating with meters of amplitude around that position. This small oscillation results in much smaller KC values of around 0.5, suggesting that the translational drag coefficients may need to be larger for these directions.
The peak load in the port mooring line is 2089 kN resulting in a factor of safety (FOS) in the chain of 1.74 and 2.75 in the polyester rope. An initial assessment suggests that a Vryhof 5 Te Stevpris Mk6 type drag embedment anchor [13] would be necessary to anchor the mooring lines. In reality, site-specific geotechnical information would be required to fully define the anchor specification.
C. Parametric Drag Study.
The baseline case study results are heavily influenced by the selection of Morison Equation drag coefficients. This influence was investigated by parametric study. Knowledge of the parameter influence on loading magnitude allows the designer(s) to assess cost impact with respect to risk of failure in over sizing mooring components. Although not presented here, an analogous exercise with the added mass parameter should be completed when developing the mooring system design. The example parametric drag coefficient study is outlined in Table 9 . The load response of the system as the drag coefficient changed in surge or sway was similar, i.e., that cases 4 and 5 resulted in basically equivalent loads to cases 6 and 7 as defined in Table 9 . Doubling either the surge or sway drag coefficient (cases 4 & 6) result in approximately a 60% increase in peak load and quadrupling either the surge or sway drag coefficients (cases 5 & 7) results in an approximate doubling in peak load.
The increases in load impact the requirements for the anchors and mooring lines. While still meeting an FOS of 1.5, the results indicate that the initially scoped Mk6 anchor should be increased from 5 Te to 8 Te to 11 Te as the surge (or sway) drag coefficient is increased from 1.2 to 2.5 to 5 with a heave drag coefficient of 5. In addition, these increased loads would require the R4 Studlink Chain to increase in diameter from 58 mm to 70 mm to 81 mm.
Clearly these increases could result in higher material costs and must be considered when selecting the deployment vessels to ensure adequate installation capability. This simple parametric study can assist the developer in better scoping the cost estimates for a particular device.
IV. CONCLUSIONS
A methodology was developed to assess the motions of a WEC device solely using Morison's Equation. The validity of applying Morison's Equation to determine the body motions is dependent upon the magnitude of the diffraction parameter and the waveheight. In extreme waves, these parameters indicate that a Morison's Equation approach is valid.
A BBDB was utilized to illustrate the methodology for the design of a mooring system. Because effects of the PTO can be eliminated when considering extreme conditions, validated mooring time domain solvers, like OrcaFlex, can be readily applied to this problem.
Section II of this paper described the linearization and discretization methodologies adopted to model the BBDB. The linearization is embodied in the separation of modeled phenomena into structural bodies, freely flooded bodies, and hydrodynamic bodies. The structural bodies account for structural mass and inertia, freely flooding bodies account for the time-dependent variation of entrained water mass in the OWC of the device, and the hydrodynamic bodies account for inertial and viscous effects. All these bodies are then connected to one reference body that acts as the integrand of the loading effects.
The discretization methodology adopted addresses three important issues, namely
• time-dependent hydrostatics resulting from variable submergence, • time-dependent entrained water mass as a result of the device motion, and • derivation of rotational hydrodynamic characteristics. Minimizing the number of empirical coefficients for Morison's Equation is advantageous. Allowing the rotational characteristics to be derived from translational input reduces the number of empirical coefficients needed.
The methodology presented in this paper is not specific to the particular WEC design. As long as the wavelength is much larger than the device characteristic length or the wave amplitudes are large in comparison to the device length and the PTO does not have to be modeled for survival conditions, the approach outlined in this paper is valid Section III of this paper illustrates the methodology developed in Section II. The physical parameters used to model the BBDB for each of the phenomena are detailed and suitability of this representation is demonstrated through comparison of the natural resonance periods in heave, roll, and pitch obtained from potential theory and a time domain solution.
A mooring design is then coupled to the BBDB. The design is subject to the extreme wave along one mooring leg. The presented design has sufficient FOS' for the extreme conditions with baseline parameters assigned to the BBDB.
The importance of the Morison Equation hydrodynamic parameters were assessed by parametric study. This indicated that a doubling of either the surge or sway drag coefficients results in a 60% increase in peak mooring loads. This increase in load mandated an increase in both the chain diameter as well as the anchor size. These changes may have major implications on the WEC design and the total installed cost of the WEC mooring system.
